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ABSTRACT 
Thirty-five elements were used as electrodes to spark-machine 
zinc, copper, iron, and molybdenum. The objective of the inves-
tigation was a determination of the intrinsic physical properties 
. , . 
of an electrode wqich govern its rate of wear during spark machining • 
Wear-ratio data and observations recorded during machining 
indicated that electrode erosion is primarily thermal in nature. 
E~ion by mechanical means was found to be minor and limited to 
very soft materials and very brittle materials. It was concluded 
that the physical properties which govern the wear ratio are (1) a 
'. 
COmbination···o-f' thermodynamic ':!Oil(, .,u.ltS Which may be summed in the 
single term, cohesive energy, (2) electrical conductivity, (3) 
mechanical strength and toughness, and (4) the ratio, 
\ 
evaporation temperature (°K) . 
melting temperature (°K) 
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INl'RODUCTION. 
' -
The technology known as spark machining* originated in Russia about 
the year 1943. It wa:s a by-product of research conducted for the pur-
< • pose of finding an .alloy which, when used in electrical contacts, could 
resist the damage caused by an electric arc. 1 B. R. la.zarenko-;claimed 
then that there are no materials, nor-. can there be any, "which are 
capable of withstanding the action of an electrical p~e. "2 
Briefly described, spark machining consists of lowering an insu-
lated electrode ihto a dielectric bath, usually( kerosene, to a 
where its surface is spaced close to the surface of a grounded 
h 
point 
work-
piece. A capacitor is discharged through the gap for a period of 1000 
microseconds or less., ·and material is removed from both electrode and 
workpiece by the process of spark erosion. Obviously, if an electrode 
must be used to machine a number of workpieces, its rate of erosion 
. must be less than that of the workpiece. Normally, the wear between 
electrode and workpiece is described by a volumetric wear ratio, 3 where 
Wear Ratio (W.R.) _ volume of workpiece material removed 
• volume of electrode material consumed 
... 
·~ 
* The tenn "spark machining" is used i~ this thesis as a more definitive term than the commonly used "electrical discharge machining (EIN). '' Spark machining is arbit-rarily defined as electrical discharge machin-ing with sparks of durations less than 1000 microseconds. 
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The literature conta_ins a large number of articles devoted to 
descriptions of methods for Feducing electrode wear, thereby in-
creasing the wear ratio. 4 By far the greater part of these are con-
cerned with machining controls and the effects on wear ratios of 
such parameters as pulse duration, .pulse width, current in the spark, 
and gap voltage. S~emi.,pgly, ve.ry little has been done in the area 
' . ' 
of investigating those intrinsic_ physical properties of an electrode 
which govern its rate of wear.during spark machining. 
•· 
.n' 
Objective of This Investigation 
C 
The pistorical approach to the _study of electrode wear has in-
·' 
volved the changing of machine settings and other parameters while 
observing the rate of wear of an electrode composed of a specific 
material. Since the interplay between other machining parameters and 
materials is very complex, the results obtained and published have 
varied greatly from one investigator to another. Therefore, the 
objective of this- investigation was to study the rates of wear of a ( 
number of selected materials, under machining conditions as nearly 
_,.. 
identical as could be obtained, in order to determine which intrinsic 
physical properties of an electrode, if ~?Y, played the largest p~t · 
in governing·its rate of wear. 
Revtew of Literature 
There are very few reports ~n the literature concerning the study 
of electrode erosion under _identical machining cond~~ipns. Williams 
."" 
and .Smith 5 used a series of 17 alloys and elemental metals as elec-
trodes in machining workpieces of various materials. They found that 
3. 
. .. 
. ,. __ 
~ ... + - ·j 
·" 
I 
i! 
~:1, 
I 
·' 
• 
...... ,... .... ,. .... 
( 
-
-
. -..-
I' 
· the volume of a crater on the surface of an electrode depended in a 
• • 
general way upon the melting point of the electrode material, and 
they anticipated that a theory of electrode erosion should include 
"the mechanical.or thermal effect of impact of anode fragments on 
the cathode (electrode) in solid, liquid, or possibly vapor states." ~ •I• 
Albinski6 used electrodes of zinc, lead, aluminum, copper, 
nickel, cobalt, and tungsten to machine steel workpieces and repor-
ted that wear of the ferromagnetic electrodes differed considerably 
from the wear of diamagnetic and param~gnetic electrodes. He claimed 
• that the rate of electrode erosion could be determined from the for-
mula: 
where 
42. 68 Tt X 2 :S ·-· (1 - {J) oc cm , -
Ea sec 
~ .. , . 
s is a ·figure of merit for an electrode material, 
Tt = melting point of.the electrode material in °c, 
X = heat conductivity coefficient in cal/°C/cm/sec_1 
E - modulus of "longitudinal elasticity" in Kg/mm2 , 
'• 
a= coefficient of linear expansion/0c, 
d - Poisson ratio. 
This formula, according to Albinski, is not valid for ferromagnetic 
·,. 
·;-.:=-,;.. 
' 
- -- - -- ------ -
- - . . - - -
- -------- - - ---- - ~ -- ----- ---------- ~--------... -~ .. - .. -- ----- :-u 
electrode materials, nor is it valid when machining pulses with 
durations greater than 1250 microseconds are employed. When the long 
pulses are used, mechanical and magnetic properties of the electrode 
'"> ... 
material have no importance since metal is removed by melting. 
It may be noted that the formula and experimental results given 
by Albinski cannot be applied universally to spark michining because: 
4. 
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1. tr ,, Only one workpiece specimen, . steel, .-@- was machined. No 
I 
\"'. 
\ 
account was taken of the effects of the workpiece material 
upon the electrode wear rate. 
,·. 2. The preliminary hypothesis used to establish the figure-
of-meri t formula included evaporated metal. Yet no terms 
for the latent heat of evaporation and/or the evaporation 
temperature of an electrode material appear in the formula. 
Kaneko7,8 used electrodes of copper-cuprous oxide alloys, cobalt-
aluminum alloys, and the pure metals - tin, bismuth, lead, antimony, 
cadmium, magnesium, aluminum,./ and copper - to machine workpieces 
( 
made from " . " heat-treated, eutecto1d steel. He reported that the wear 
ratio was proportional to the quantity - Q x Sl. Q is the total 
• heat content of the electrode material and Sl is the strength of 
< 
liquid metal calculated from the surface tension and viscosity. 
addition, he concluded that the negative electrode material had a 
In 
great tendency to wear and disintegrate when it was subjected to bom-
bardment from positive metallic ions surrounding the positive workpiece. 
y with Albinski's results, Kaneko's conclusions crannot be c0n-
sidered universally applicable to spark machining since only.one 
workpiece material was used. 
' 9 
- ............... . 
. ... .. ' ... ,.. . . . 
. 
. .. Price and Wood used electrodes of tungsten, copper, palladium, 
and copper-palladium alloys to machine various workpieces. They con-
cluded that prior deformation, order-disorder transformations (in 
, copper-palladium alloys), and the corresponding changes in the elec-
trode material ·properties did not have a significant effect on the 
wear ratio. For a given electrode, they found that the wear ratio was 
inversely proportional to the cohesive energy of a workpiece mater?81, 
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Analysis of the Problem 
<., 
a 
I 
It was thought that-most of the electrode erosion effects reported 
in the literature could be explained by assuming that the cohesive ~ 
energy of an electrode.material would be the best criterion for judging -
and predicting its relatiV:e rate of wear. This conclusion was reached 
after noting that: 
1. The cohesive energy of a metal, by definition, is equal 
.to the latent heat of sublimation of the metal at room 
0 temperature (298 K). Thus, C.E. = Ls. 
J" 
2. By the first law of thennodynamics, neglecting heat 
capacity tenns, L8 =Le+ Lf, where Le is the latent heat 
of evaporation and Lf is the latent heat of fusion. 
3. By Richard's rule, 10 Lf ~ 2.2 x Tf, where Tf is the 
0 
melting temperature in K • 
.... 
4. By Tr~uton 's rule, 10 Le :::- 22 x T8 , where Te is the 
evaporation temperature in °K. 
... 5. Therefore, C.E. ~ (2.2 x Tf) + (22 x Te). 
6. ,~Generally, the cohesive energy of a metal can be corre-
1 lated posit!vely with the melting temperature, the 
evaporation temperature, and the latent )J.eats 0£ fusi-on . 
and evaporation • 
From these consider~tions, it was thought that an electrode with 
a high cohesive energy would wear less than one with a low cohesive 
----.._ 
energy. An electrode with a high cohesive energy would probably have 
a high latent heat Qf fusion and a high latent heat of evaporation, 
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while an electrode with-a low cohesive energy would probably have a 
low latent heat of fusion and a low latent heat of evaporation. There-
... 
,fore, an electrode with a high cohesive energy would resist d~truc-
tion by thermal energy absorbed from a spark more strongly than would 
an electrode with a low conesive energy. J 
In addit~on to thermal energy absorbed from the sp~rk, the ele~ 
trode is also bombarded with pa~ticles - according to the reports in 
the literature. Here again, the co~esive energy of an electrode 
-
would be important. If an electrode had a high cohesive energy, it 
would probably have a high· resistance to erosion frCJI1 bombardment by 
Cl\ particles. Hence, it should have a lower rate of erosion than an ' 
electrode with low cohesive energy. C 
There remained one important factor to be considered, namely, 
I 
- . the thermal (or electrical) conductivity of an electrode and its ef-
feet on the rate of electrode erosion. Williams and Smith5 did not 
consider thermal conductivity in their analyses of erosion rates, nor 
did Price and Wood. 9 However, Price and Wood did report that the 
,1 
total resistance in the electrical discharge circuit affected the 
wear ratio considerably. Now resistance and thermal conductivity of 
a metal are related in the following manner: 
.... 
..... 
1. By the Wiedemann-Franz ratio, 11 
L = K 
a T ' 
where L. is the Lorenz number (for all practical purposes 
a -constant), K is thermal conductivity, u is electrical 
conductivity, and Tis temperature. 
·.--2. Then, L u T = K. 
I 
7. 
-· ~~--- -· ----~ ~ 
p. 
-----
' 
- ... - . ;:_ .~ ' 
·r ·•-. • 
. -------~--~--------.-..=,-:,,:"'i~~~k'.:~ ... ;_;·:_4?2~--~ ""_-<,-:· 
·.i 
'·! 
I 
,• 
,. 
/I~ 
r 
-· . -.:- ..• ~. 
• 
... 
. .. 
It was considered that an electrode with high electrical conduc-
tivity should have a l.ower rate of erosion than an electrode with low 
electrical conductivity. Less energy would be lost by resistance 
heating in an electrode with low resistivity; therefore, more energy· 
would be available for eroding the workpiece. 
This analysis of the problem led the author to think that a series 
of te.sts could be performed to produce enough experimental evidence for 
the determination of-the physical property (or properties) which 
govern the rate of erosion in an electrode. 
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EXPERIMENTAL PROCEDURE 
Workpie_ce Materials . I 
Four elemental metals - zinc, copper, iron, and molybdenum -
were chosen for workpieces. The appropriate physical properties aie 
shown in Table I. These metals were selected because: 
1. The cohesive energies were significantly different. 
2. The electrical conductivities were high, except for iron, 
yet they were not identical. 
3. All were important, metallurgically and economically. 
It was expected that the wear ratios, for a given electrode 
material, would decrease in the order - zinc, copper, iron, and 
molybdenum - because the cohesive energies of the workpiece materials 
increased in that order. 
Electrode Materials 
Thirty-five elemental metals were selected for electrode ma-
terials. The appropriate physical properties are shown in Table II. 
The metals were selected to: 
1. Obtain an even spacing of cohesive energies across a 
/ 
1~pectrum bounded by cadmium (26.75 Kcal/mole) and 
tungsten (203 Kcal/mole), 
2. Yield several pairs of metals with identical cohesive 
energies, e.g., tin and dysprosium, and significantly 
~ 
different melting temperatures, boiling temperatures, 
9. 
f 
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, 
and electrical conductivities, 
3. Provide data for materia·1s not previously investigated 
I /&nd reported in the literature. 
Workpiece and Electrode Specifications 
Workpieces and electrodes were cylindrical with the following 
dimensions: 
Diameter 
Length 
i 
I Workpiece 
0.250" 
0.250" 
Electrode 
0.125" 
1. 500" 
Commercial availability dictated that the purities of purchased 
me;tals be set at the arbitrary minimum, 99.5%. Since the wear-ratio -\~ ..... ,.-
measurements made by Price and Wood9 indicated that metals with higher 
purity than 99% would yield accurate results, it was felt that the 
99.5% limit would provide an adequate working margin. 
Metallurgical histories of the purchased metals were not obtained 
since the work done by Price and Wood9 indicated that prior de-
formation of electrodes had no effect on electrode erosion rates. 
---
The spark machine used :for the study was the 1.5 K. W. Agietron, 
. 
manufactured by tne Agie CompanY, Losone-Locarno, Switzerla~d (model 
ABl.5, serial number 15.041). Modifications to the machine were 
9 identical with those made by Price and Wood, exc~pt that: 
• 
1. Busbars fashioned from 0.375" diameter, fully annealed 
copper rods were used to connect the power supply to the 
10 . 
\ 
;• 
:::, 
• 
... 
. ,_· 
I 
L ---· 
.. 
2. 
- .,•-• .-. ·-•.r .. ·-,-
--· 
' -
machine'bed and head. These were used to reduce resis-
" 
tance and inductance in the discharge circuit of the 
spark gap to a minimum. 
" An Albrecht chuck~ clamped in a 0.3125 collet on the 
machining head of the Agietron, was used to hold the 
electrode during machining. The chuck allowed rapid 
mounting and de-mounting of electrodes, The section of 
electrode protruding from the jaws of the chuck was 1.0 
long. 
" 
3. A sp'lit clamp, fashioned from 0.250 11 thick copper, was 
used to mount and. secure workpieces during machining. · - -
• The clamp reduced resistance in the discharge circuit 
and allowed rapid mounting and de-mounting of workpieces. 
The number -.of machining pulses during each test was counted 
with a Beckman/Berkeley Universal EPUT and Timer, Model 7350, Serial 
" 
Number 1624. Pulses were displayed on the screen of a Tektronix 
Storage Oscilloscope (Type 564, Serial Number 004017). The input 
to the counter was coupled capacitively to the machine head, while 
the input to the oscilloscope was attached directly to the "bot" 
side of the spark gap. 
A Mettler analytical balance (Model B5J Serial Number 40126) was 
used for weight and density measurements. Repeatability of weight 
measurements (for a period of ten weeks) was! 0.0001 gram. Air and 
carbon tetraahloride ( CCl4) were used as immersion atmospheres for 
11. 
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-A density measurements, which were made by employing the hydrostatic 
· weighing technique. Air-buoyancy corrections were not made for 
~-density determinations. 
'. 
Experimental Technique 
. - ,., .t·········. Wear-ratio data were collected by conducting a series of 
machining tests for each electrode and·workpiece. Each test consisted 
of machining a blind hole in a workpiece with an electrode. The 
number of sparks for each test was 500,000 ± 1000. Before machining, 
the end surfaces ~of electrodes and workpieces were polished to an ,;... 
approximate smoothness of 15 microinches in order to minimize the 
numbev- of false machining starts caused by ridges and other large 
asperities. P.olishing was done on a Buehler 1500 sample polishing 
wheel with a mixture of Linde 0.05B alumina abrasive and tap water. 
I Weights were recorded before and after the machining 1 test, and the 
volumetric wear ratio was calculated from the formula, 
( 
\. 
W.R. loss of weight from workpiece X density of electrode - loss of weight from electrode X density of workpiece 
The Agietron controls were set at: ~ltage - 7, current_ - 2 J 
capacitance - 1, vibration - 2.5. The feed-rate control was adjusted 
to maintain the output RMS voltage at 180. Fluid used as a dielectric 
: .. ,.,)-
., .,,., '~ ... 
medium was a hydrocarbon, Mobil Solvasol No. 6. The fluid was 
circulated through the Agietron pumping-filtering system after each 
test in order to remove carbon slime and foreign particles. The fact 
that wear-ra~io data were consistent over a ten-week period indicated 
.. ,. 
that the filter in the pumping system had removed debris that might have 
• r-
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been deleteri-ous to machining results. 
After .... 
system was 
_,..._.,. l. 
,.,_ -·- ·1 
·-the tank wa$filled for a machining test, the pumping 
I 
( 
shut off in order to allow machining under a static fluid. 
., 
' 
Temperature readings taken before and after each trial indicated that 
' the temperature rise of the fluid due to heat energy absorbed from the 
sparks was no greater than 1°c. All tests were conducted when the 
temperature of the fluid was within the limits 27 ! 3°c. Spindle 
travel, number of sparks, and the elapsed time for'each test were 
recorded as checks for proper machine behavior. 
In order to prevent contamination from dust and other debris 
(which might have caused inconsistent and inaccurate'measurements of ..... 
vol~metric wear ratios) the electrodes. and workpieces were protected 
vel'f carefully when they were handled and stored. Before weighing, 
both electrodes and workpieces were cleaned ultrasonically in baths 
of denatured alcohol. Cavitation effects and chemical reaction with 
alcohol during ultrasonic cleaning were found to be negligible. 
' I 
During machining tests, the sparks in the gap and th·e machining 
behavior of the different electrode-workpiece combinations were watched 
very closely. Spark-discharge voltage waveforms were monitored with 
the oscilloscope. Careful notes were written after each trial to 
describe characteristic machining conditions. 
Surfaces of all electrodes and all workpieces were examined under 
magnifications of 50-2500 X after machining. Also, residues from 
. 
specific electrode-workpiece combinations were ·filtered from the fluid 
and examined microscopically. 
j 
13. 
------~~------
.,i-· 
" 
--
< "· 
( 
I, ... : BBSULTS AND DISCUSSIONS 
Machining Tests 
Wear-ratio data were obtained from thirty-four of the thirty-
\,,· 
five electrode materials. These data-are listed in Table III. No 
results were obtained when the element selenium was used as an elec-
trode. Selenium, insofar as the spark-machine process is concerned, 
is an insulator. 
From the record of observations made during the machining tests, 
it was noted that: 
1. All discharges were characterized by a shower of bluish-
white sparks, which shot up and out from the surface of 
the workpiece. 
2. All discharges were characterized by the sound of ·m·fnfa~-
' . 
ture explosions taking place in the gap. 
• 
3. The duration of all discharges was approximately 1 to 3 
microseconds. 
4. All discharges released gas bubbles and streamers of 
" " smoke from the gap. 
·--The gas bubbles rose to the surface of the fluid and disappeared, 
~~--
... ,-............_,_ 
while the' streamers of "smoke" drifted upward and collected in the form 
"'""~''"• i A.\ ,,A.-' ' 
of an inverted "cloud". A typical "cloud" iS indicated by an arrow 
in Figure 1. 
When the contents of the tank were filtered and examined with a 
microscope, the "smoke" appeared as jagged, carbonaceous pieces of 
material in which were embedded tiny spheres of metal. Some of the 
., 
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F g re Sp rk-machin ank a te an al • • 
electrode-zinc orkpiece achin I 
sho . " cl ud" of " k ti te 
' 
n mo 
(denoted by a ro ) . 
spheres of metal recover d af r a vanad · um elec rode-copper orkpiec 
machin ng test are shown in Fi ure 2. Diam ers of he ·spheres ran d 
5 mic n. sph es h d h ch 
istic color of copper, while others had a metallic color. The d 
erence between the colors of th spheres indicated hat par ice of 
both he copper workpiec and the vanadium electrode had been ejected 
from the gap. 
The spark-eroded surfaces from which the par icles ca are h n 
·n Figures 3 and 4. These surface are composed of icroc a e r · -
-do y arranged. The are p·ca of all surfac s e mined du t 
,n e i a ion. 
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· -The record of observations made during the macnining tests indi-
~ 
... 
cated that specific groups of electrodes had consistently exhibited 
I 
atypical machining behavior. Consequently, the individual groups were 
examined closely in an effort to determine whether or not the metals 
.. of each group possessed common specific properties which could account .. /\ 
'' 
for the phenomena observed. 
The elements lead, thallium, and indium are very soft and mall-
eable in the pure·state as indicated by their low tensile strengths, 
·which are, respectively, 2961 psi, 1300 psi, and 380 psi. 12113 When· 
these elements were used as electrodes, the end of the electrode near-
.. 
· est the spark gap ·assumed the configuration common to a nail head. 
This phenomenon is illustrated in Figure 5. However, the surfaces of 
t' 
these electrodes appeared identical with the surfaces illustrated in 
Figures~ and 4. It may be noted that the plastic deformation is not 
the result of upsetting due to driving the electrode into the work-
piece, since no shorting took place during machining. 
·, 
Qualitatively, it may be stated that spark-machine electrodes of 
(• 
antimony, bismuth,
1 
and tellurium are extremely brittle. This pro-, 
perty was illustrated graphically whenever these elements were used as 
electrodes. Large pieces of metal frequently shot out from the gap and 
_drifted to the bottom of the tank containing the dielectric fluid. 
Angular and rounded particles recovered from the fluid after an anti-
mony electrode-copper workpiece test are shown in Figures 6 and 7. The 
metallic color of the angular particles indicated that they were anti-
mony. Some of the rounded particles had the characteristic color 
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num, t·n, lanthanum, bi mu h, cer·um, and praesody u 
' 
C 
xh b·ted xtrem ly erratic mach·n·n char cterist·c. en · he 
ele nts 
ircui s 
vary ide 
in 
ere u ed a el c r • , a c n nua succession of shor 
ten lectrode and orkp ece cau ed the gap volta e o 
f o the nominal figure of 80 olts. Control of ac 
he conditions as very difficu t. a :r'esu , t e 
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ratios obtained from aluminum, tin, lanthanum, bismuth, cerium, and 
praesodymium electrodes were considered highly questionable • 
I' The record of observations made during machining tests indjcated 
<:... that the machining behavior of aluminum, tin, lanthanum, bismuth, 
,i 
cerium, and praesod-ymium had altered when zinc workpieces were 
machined. 'f '' 'f '' -- . Whenever zinc was machined, the cloud of smoke ill-
ustrated in Figure 1 was extremely dense and heavy. All electrodes 
used to machine zinc acquired what appeared to be a flash coating of 
zinc. This coating is illustrated in Figure 9. Both electrodes in 
the picture are made of aluminum. The electrode on the left was used 
to machine zinc, while the electrode on the right was used to machine 
iron. When the flash· coating was examined with a mi~_roscope, it 
appeared as a heavy deposit of metal which had spattered on the 
electrode and adhered to its surface. The coating seemed to enhance 
the machining characteristics of the erratic- electrodes - aluminum, 
tin, lan:.hanum, bismuth, cerium, and praesodymium. When these metals 
were used to machine zinc~ initially there was a continual succession ,( 
.,of short circuits between electrode and workpiece, This condition 
persisted until about 300,000 sparks had been recorded; thereafter, 
.I 
no short circuits were observed. 
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9. A um·num electr es. The le elec ode 
a u d to machine zinc. Th rigb 
. 
electrode was used o ach ne iron. 
Di cussion of achining ests 
~ I 
In o d r to explain phenomena observed during machin·n
g tests 
of both the typical and a ypical electrodes and workp
ieces, it was 
opo ed hat the following sequence o events had occu 
red durin 
s n le spar discharge: 
• 
2. 
n electrical current, composed of free electrons ema-
na n fro tbe electrode, flowed through the dielect
ric 
luid to the orkpiece. 
1 ance eating, caused by the passage of e ectrical 
current, vapo · zed and ion· zed a port ion of t e u d
 
the gap be een electrode and orkpiece . 
.. 
23. 
' 
-.~ 
. . 
,-
3. · A pulse of current commenced to flow through the low-
resistance channel which had been formed by ionized vapor. 
4-. Resiitance heating in the metal caused sequential layers 
on the electrode surface to soften, melt and vaporize. 
A portion of the vaporized metal adjacent to the gap 
ionized, thereby lowering the resistance of the discharge · 
channel even further. 
5. The instantaneous vaporization of metal on the electrode 
caused a sudden rise in pressure in the vaporized region. 
6. Electrode metal in liquid and vapor states was ejected from 
;he high pressure zone •. 
7. The current pulse vaporized, melted, and softened sequen-
tial layers of metal in the workpiece. A portion of the 
vaporized metal adjacent to the gap ionized, thereby 
lowering the resistance of the discharge channel. 
8. · The instantaneous vaporization of metal on the workpiece 
caused a .sudden rise of pressure in the vaporized region. 
9. Workpiece metal in liquid and vapor .states was ejected 
from the high pressure zone. 
10. Hot metal ejected from the electrode struck the surface 
. of the workpiece; conversely, hot metal ejected from the 
workpiece struck the surface of the electrode. 
/ 
11. Metal ejected from both elect rode and workpiece struck . 1. 
the cold dielectric fluid surrounding the discharge 
I,· 
channel . 
24. 
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12. Dielectric fluid was dissociated by energy absorbed from r, 
fragments of hot metal. 
' . Evidence for the preceding assumptions is substantial, even though 
it is indirect. The observations of machining test behavior and the 
graphic evidence of Figures 2, 3, 4, and 6 suggested a practically 
instantaneous vaporization of elec·trode and workpiece metals. "smoke" 
--
,...... " ft " " • streamers, the cloud of smoke 1n Figure 1, gas bubbles, and car-
bonaceous material seen in. the residues from the fluid are evidence of 
dissociation of the fluid. The fluid is a hydrocarbon, and it might 
be expected to dissociate into carbon and carbonaceous gases, i.e., 
ce4 , c2H2 , etc. Finally, Figures 5, 6, 7, and 8 ·indicate plastic 
deformation and brittle_ fracture by bombardment from particles of 
metal and carbon or by shock waves associated with vaporization of 
metal. 
It must be emphasized at this point that experimental evidence 
·1 
collected dur1ng the investigation indicated that the amount of erosion 
on any electrode surface by mechanisms other than those which were 
theraal in nature was minor. Evidence of erosion by mechanical means 
was found only in the very soft electrodes (lead, thallium, and indium) 
and the very brittle electrodes (antimony, bismuth and tellurium). 
Even on the very brittle electrodes, erosion from impact of fragments ( 
and/or shock waves was confined to the rims of the electrodes, while 
the interior electrode surfaces appeared to. be identical with the 
cratered surface shown in Figure 3. 
The assumption -of a melting-vaporization-explosion-ejection cycle, 
stated in the analysis of events occurring during a single spark dis-
25 . 
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charge, offered an explanation for the erratic machining behavior of 
aluminum, tin, lanthanum, bismuth, cerium, and praesodymium electrodes 
and zinc workpieces. From Table II it was ascertained that the six 
electrodes have rather high ratios of boiling to melting temperatures. 
Specifically, the ratios exceed 2.7:1, while '' '' normal electrodes have 
ratios smaller than 2.7:1. It was concluded that, if an electrode had 
a high boiling point and a low melting point, much more material on 
the electrode-would be melted than could be ejected from the gap by 
the force generated by vaporization of metal. Very little of the to-
-
tal volume of heated metal would be raised to the boiling temperatti're. 
Consequently, the metal remaining in the gap would cause short circuits 
' between electrode and workpiece as observed. Whenever zinc was ma-
chined, this condition prevailed until zinc was deposited on the 
' electrode surface. The zinc coating on the electrodes became effective 
for preventing sh?rt circuits after about 300,000 sparks had been 
recorded. I~ appeared that the zinc was vaporizing during spark dis-
charges, thereby providing enough additional energy to expel short-
circuiting particles of metal from the spark gap. 
" In summation, it may be stated that this analysis gave no reason 
.. 
to expect that, in general, rates of erosion for all electrode ma-
terials could not be judged and predicted by the criteria, cohesive 
energy and electrical conductivity. However, because they had exhibi-
ted atypical machining behavior to some degree, the following electrode 
elements were excluded from wear-ratio graphs:· aluminum, tin, cerium, 
lanthanum, praesodymium, indium, lead, thallium, bismuth, antimony, 
and tellurium. For the same reason (atypical machining behavior), the 
26. 
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wear ratios obtained ·while machining zinc workpieces were considered 
r 
unreliable. 
Thermal Energy Effects 
In the analysis of the problem of electrode erosion, it was assumed 
that an electrode with a high cohesive energy would wear less ·than 
'\\IOuld an electrode with a low cohesive energy._ From the results of 
Price and Wood, 9 a similar statement can be made regarding the cohesive 
. energy of a workpiece. Then the volumetric wear ratio, expressed in 
mathematical tenns, may be written: 
,;; , .... 
1/C.E. (Workpiece) W.R. a 
., 
... · .. - ....... -: ··,II':. - -- ' 
1/C. E. (Electrode). \ 
.-~ 
W.R. 
C.E. (Electrode) a--------
C.E. (Workpiece) 
·.··~· 
where W.R. - ~olumetric wear ratio 
and C.E. - cohesive energy. 
Similarly, since the cohesive energy of a material may be expressed as 
a combination of other thennodynamic constants, the volwnetric wear 
ratio may be written: 
(Electrode) W.R. La a Le (Workpiece) 
i;. 
W.R. a Te (Electrode) 
Te (Workpiece) 
W.R. a Lf (Electrode) 
Lf {Workpiece) 
W.R. a T;f (Electrode) 
T·f (Workpiece) 
. .. 613 .-
-~. 
,/ 
/ 
-~ C ' ..... 
< 
.,I 
• 
( 
~ 
~ 
~ 
... : . ·, 
___ -_:."-~.:.,· 
l 
~ 
...: wliere Le - latent heat of evaporation -
.., ... 
·T - evaporation temperature e 
\ 
\...._ 
Lf - latent.heat of fusion -
Tf =_melting temperature 
These elements of thought indicated that wear ratios of all elec-
trodes should be plotted in turn against (1) cohesive energies, (2) 
latent heats of evaporation, (3) evaporation temperatures, (4) latent f 
heats of fusion, and (5) melting temperatures. When this was done• 
\ 
the curves indicated two things. First, there was a logarithmic 
relationship between the vo~urnetric wear ratio and each of the five 
thermodynamic constants. Second, the wear ratios for copper, silver, 
gold, and yt\erbiurn electrodes were anomalously high. 
Regression analyses were performed on the wear-ratio data for each 
- •• .._"'o.!.-.,.. ' 
of the five thermodynamic constants. Data for ·copper, silver, gold and 
ytterbium electrodes were excluded from the analyses since they were 
anomalously high. The correlation coefficients obtained from the 
analyses are listed in the following table: . 
CORREIATION COEFFICIENTS 
Workpieces 
Copper Mo lybdenurn Iron Zinc 
Constant 
C.E. 0.919 0.966 0.873 o. 842 
Le o. 929 0.981 0.900 o. 785 
Te 0.935 0.974 0.903 0. 776 
Lt 0. 915 0.891 0.868 0. 703 
Tf 0.870 0.898 0.819 o. 786 
- - ~-2a-. 
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With one exception\ (the zinc workpiece) , the coefficients obtained 
from the use of cohesive energy, latent heat of.evaporation, and 
evaporation temperatures as criteria for detennining wear ratios were 
higher than coefficients obtained from the use of latent heat of fusion 
and melting temperature. This indicated that the predominant phenome-
non in thennal erosion of electrode materials was vaporization rather 
than melting. 
Of the three terms (C.E., Le, Te) directly related to the vapori-
zation phenomenon, cohesive energy is probably the most useful for 
detennining wear ratios. It makes little sense to plot wear-ratio 
data against evaporation temperatures (or melting temperatures) of 
electrode materials, because temperature ls a measure of intensity 
rather than energy. Fu~ther, values listed in the literature for 
latent heats of evaporation are p'rabably much less accurate than the 
~-
* values listed for cohesive energies. Finally, cohesive energy may be 
expressed as tne sum of the latent heat of evaporation and the latent 
heat of· fusion, which may be expressed in turn as multiples of the 
evaporation temperature and the melting temperature. For these 
' reasons, the only graphs included in this thesis are those for wear 
ratios versus cohesive energies. 
* Identical vapor pressure data from the sol'id phase are used to 
calculate both the latent heat of evaporation an.d the cohesive 
energ~ of a material. Usually, however, the data must be 
extrapolated over a greater range of temperature when a latent heat 
of evaporat~on is calculated than is the case when a cohesive 
energy is calculated. 
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,,The cohesive-energy graphs are presented in F.tgures 10..,.- 11, 12, 
and 13. Data used to calculate the curves on the figures excluded data 
for copper, silver, gold, and ytterbium electrodes because the wear-_ 
ratios had been anomalously high. 
• 
In b~ad tenns, the graphs indicate a direct relationship between 
the wear ratio and the cohesive energy of an electrode material. 
Specifically, regression analyses performed on the data yielded.the 
following formulae: 
1. W.R. (zinc workpiece) = 1.85 
2. W.R. (copper workpiece) = 0.39 
3 .. W.R. (iron workpiece) = 0.40 
4. W.R. (molybdenum workpiece) - 1.55 
(C.E, 
( C.E, 
(C,E, 
(C.E, 
( 
)~ 
2.19 electrode 
31. 2 
(electrode)\ 
81.1 l 
(electrode)\ 
99 .5 J 
3.63 
2. 81 () 
(electrode)\ 3 · 31 
157.5 J 
5. W.R. A (C.E. (electrode)) B C.E. (workpiece) 
where A, B, are constants for a particular workpiece 
>-w. R. - volumetric wear ratio 
C.E. - cohesive energy in Kcal/mole. 
Evidently, the constants are valid for only one workpiece. Therefore, 
t the equations should be limited in their applications. 
\' . 
Resistance Effects 
In examining the graphs in Figures 10, 11, and 12, one is innnedi-
ately struck by the apparently anomalous behaviour of copper, silver, 
gold ,and ytter·oium electrodes. These metals consistently displayed 
30. 
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higher wear. ratios than would be expected were the thermal characteris-
tics ·assigned full responsibility for detennining wear ratios. It was 
felt that their behaviors could be explained by considering certain 
- aspects of the flow of electrical current attendant. to the spark 
discharge. 
There exists general agreement that a spark discharge in a liquid 
dielectric medium is initiated by free electrons flowing through the 
( ) 2, 14 gap between an electrode cathode) and a workpiece {anode . 
some point in time the liquid in the gap is vaporized and ionized. 
Through the channel thus established flows a pulse of electrical 
At 
c_urrent which softens, melts ,and vaporizes a section of metal on the 
.,... 
workpiece in "8equential layers. -
An electrode which had a very low resistivity would absorb less 
[' thermal energy from resistance heating than would an electrode with 
high resistivity. Consequently, when a low-resistivity electrode is 
used, more energy will be available for heat generation and subsequent 
• 
erosion of metal from a workpiece .. Conversely, a low-resistivity 
electrode will be eroded less by the mechanisms of melting and vapori-
zation. Therefore, wear ratios would be expected to rise when low-
resistivity electrodes (copper, silver, gold) are used. 
...... ',, 
• Ytterbium, however, does not have a low resistivity. In fact, 
the resistivity of ytterbium at room temperature {~ 300°K) is quite 
high (28 microhm-centimeters) •15 Under high pressures (20 Kbar), 
ytterbium is transformed to semiconducto.r form, with a negative 
temperature coefficient of resistance. 16 , 17 Since it is known that 
--- - ----- ..,_. -- -- ---- -
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high pressures C ~ 22,000 atmospheres)l8 and high temperatures 
', 
\ .. • ( ~ 30,000 K)lS,19 exist in an under-liquid spark, it might be expected 
'\ 
that the resistivity of ah ytterbium electrode would approach the 
... 
resistivities of copper, silver, and gold. 
In summation, it may be stated that volWlletric wear ratios are 
) - "-' 
abnormally high when electrode materials with very low resistivities 
(e.g., copper, silver, and gold) are used. However, it proved imposs-
ible to establish a clearly defined relationship between the volumetric 
.wear ratio and resistivities of electrode materials other than copper, 
silver, and gold. 
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SUMMARY 
Wear-ratio data and observations ma.de during this investigation 
indicated that electroqe erosion in a spark machine is primarily 
thermal in nature. Erosion by mechanical means was found to be 
minor and was observed only on very brittle an_d,very soft electrode 
materials. 
From the infonnation gathered, it was concluded that those intrin-
'\ - ' 
·sic physical properties of an electrode material which govern the wear 
' . . 
\ 
ratio during spark machining are (1) a combination of thennodynamic 
.. ,-., 
constants which can be summed in the single tenn, cohesive energy, 
(2) electrical conductivity, (3) mechanical strength and toughness, 
and (4) the ratio, evaporation temperature (OK) . 
. melting ·temperature (°K) 
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MATERIAL PURITY 
tA:) Zinc 99.5% 
~ Copper 99.5% • 
Iron 99.5% 
Molybdenum 99.5% 
·, 
J 
TABLE I 
Physical Properties of the Workpiece Materials 
1 2 3 4 5 
ATOMIC DENSITY MELTING BOILING · ELECTRICAL 
WEIGHT gm/cm3 TEMPERATURE -TEMPERATURE· RESISTIVITY 
gm/(gm-atom) °K . . . °K microhm-cm 
-
65.38 7.15 •. 692.7 1181 5.916 
63.54 8.95 1356 2855 1.6730 
55.85 7.86 1812 3160 9.71 
95.95 10. 23 2890 5100 5.2 
NOTE: Columns 1 and 5 were taken from reference 12. 
..• 
,/ 
Numbers in column 2 are measured values. Columns 
3 and 4 were taken from reference 20. Column 6 
was taken from reference 21. 
,.I:! 
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. 
COHESIVE 
ENERGY I 
I 
. . I Kcal/mole . . 
@ 298.15°K .. f,~ 
_I 31. 2 -1 
81.1 
99.5 .... 
157.5 
I 
I I 
·.I . I 
I I 
' , 
,, 
•• 
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.. , TABLE II 
Physical Properties of the Electrode Materials · ,. 
1 2 3 4 
"" 
IIATBRIAL PURITY ATOMIC DENSITY MELTING BOILING WEIGHT gm/cm3 TEMPERATURE TEMPERATURE gm/gm-atom 
°K OK 
r 
(! 8.55 594 1038 ti' 
Cadmium 99.999% 112.41 
,: 
~ 
Zinc 99.999% 65.38 7.15 692.7 1181 r Ytterbium 99.5% 173.04 7.01 1097 1800 j'~ ,, 
'',xi 
Thallium 99.5% 204.39 11.90 577 1740 ~:·~ ,;~ 
il~i 
- __ ,. -· . ·····-· - . - ii: 
Tellurium 99.99% 
·127. 61 6. 23 723 1260 ,'J.1 
:,:,! 
,',:,, 
Lead 99.5% 207.21 11.36 600.6 2024 !) ,\.:11 
',' 
/' 
Samarium 99.5% 150.35 7.51 1325 1860 Bismuth 99.99% 209. 00 9.83 544.5 1832 Selenium 99.99% 78.96 4.28 490 958 Indium 99.99% 114.82 7.31 429. 32 2320 
,.,,7 
Antimony 99.999% 121.76 6.71 903 1910 ... 
I' 
St.Iver 99.99% 107.88 10.52 1234 2450 ·;· 
'" Dysprosium 99.5% 162.51 8.54 1773 2600 Tin 99.9995% 118.70 7.30 505 2960 1:· Aluminum 99.9% 26.98 2.71 932 2720 \.. .. 
_j Copper 99.5% 63.54 8.95 1356 2855 Gold 99.95% 197.00 19.32 1336 2980 Praesodymium 99.5% 140.92 6.72 1208 3290 Palladium 99.999% 106.70 12.02 1823 3400 Iron 99.96% 55.85 7. 87 1812 3160 Cobalt 99.9% 58.94 8.85 1768 3150 Yttrium 99.5% 88.92 4.50 1773 3500 Nickel 99.5% 58.71 8.90 1728 3110 r-Lanthanum 99.5% 138.92 6. 11 1193 3640 Cerium 99.9% 140 .13 6.75 1077 3200 Titanium 99.7% 47.90 4.52 1950 3550 Vanadium 99.9% 50.95 6 .12 2190 3650 Platinum 99.85% 195.09 21.50 2043 4100 Zirconium 99.9% 91. 22 6.57 2125 4650 ,i.·· ::~; Hafnium 99.99% 178.58 12.96 2250 5500 Molybdenum 99.5% 95.95 10. 24 2890 5100 Columbium 99.5% 92.91 8.61 2770 5200 Tantalum 99.5% 180.95 16.69 3270 5700 Rhenium 99.5% 186.22 ··21. 04 3453 5900 Tungsten 99.9% 183.86 19.28 3650 5800 
-~5: .• 
. , .. \. 
-.... 
C • 
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TABLB II (continued) 
i. 
. Physical Properties of the Electrode Materials ,--· 
! 
5 6 7 
MATERIAL RATIO ELECTRICAL COHESIVE 
BOILING/lrrELTING RESISTIVITY ENERGY 
TEMPERATURES blicrohm-cm Kcal/mole@ 298.15°K 
Cadmium 1. 75: 1 6.83 26. 75 Zinc 1.70:1 5.916 31.2 Ytterbium 1.64:1 29 36 ±2 Thallium 3.02:1 18 43.o· 
Tellurium ~ 1.74:1 436,000 46 
Lead r 3.37:1 20.648 46.8 ·" "'4; 
--Samarium 1.40:1 88 49 ±1 Bismuth 3.36:1 106 .8 49.5 Selenium 1.96:1 12 55.5 Indium 5.40:1 8.37 58 Antimony 2.12:1 39 62 
' Silver 1.98:1 1.59 68.4 ,. I Dysprosium 1.47:1 57 71 ±1 Tin 5.86:1 11 72.0 Aluminum 2.92:1 2.6548 77.5 Copper 2.10:1 ... 1.6730 81.1 
Gold 2.23:1 2.35 87.3 Praesodymium 2.72:1 68 89 ±2 Palladium 1.86:1 10 .8 91 ~· 
Iron 1:74:1 9.71 99.5 Cobalt 1.78:1 6. 24 101.6 
Yttrium 1. 97: 1 57 102 
Nickel 1.80:1 6.84 102.8 
· Lanthanum 3.05:1 57 103.5 Cerium 2. 97: 1 75 110 ±5 
Titanium 1.82:1 42 112.7 
Vanadium 1.67:1 24.8-26.0 123 
Platinum 2.01:1 10.6 135.2 
Zirconium 2.19:1 40 146 
Hafnium 2.44:1 35 .1 170* 
Molybdenum 1.76:1 5.2 157.5 Columbium 1.88:1 12.5 173 
Tantalum 1.74:1 12.4~ 186.8 .L 
Rhenium .J 1.71:1 19.:; 187 
.~} -~- ... t Tungsten 1.59:1 5.65 203 
. -~:-. ~- -
NOTE: Columns 1 and 6 were taken from reference 12. 
Numbers in Column 2 are measured values. Columns 
3 and 4 were taken from reference 20. Numbers in 
. . Column 5 were calculated from the numbers in Columns 
3 and 4. Column 7 was taken from reference 21. The 
number marked with an asteris'k was taken from reference 
22. 
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TABLE III ·~ 
I' • 
f .. Test Data 
Work~iece 
11 
Molybdenum Zinc Copper Iron I 
I 
11 
I 
Electrode 6We ~WW WR flWe flWw WR l:JWe /j,Ww WR 
· flW8 6Ww WR Cadmium 89.8 7.4 0.0689 70.9 100. 7 1.6989 96.9 20.1 0.1983 51. 7 9.7 0.2041 " 95.3 7.7 0.0675 66.7 100. 7 1.8058 97.5 20.3 0.1991 '49.0 9.3 0.2065 
>--· 
" 96.7 7.5 0.0648 96.1 19.9 0.1980 I 
- -
-
- - - \ ,· 
" 98.4 7.7 0.0654 
\.. 
-
-
- -
.. . 
Zinc 34.5 6.9 0.1398 32.9 109.4 3.3263 46.9 18.4 0.3137 26.8 12.0 0.4074 " 35.5 7.0 0.1378 31.4 105.1 3.3483 47.5 18.4 0.3097 21.8 11.7 0.4884 " 36.9 7.1 0.1345 43.8 16.8 0.3067 - - -
- - -
" 36.8 7.2 0.1368 44.2 17.7 0. 3202 -
-
Ytterbium 9.8 13.3 0.9295 10 .1 111.3 10.8017 15.2 30.2 1.5567 8.3 14.4 1.5469 " 
\ ,· 
9.6 13.4 0.95q0 9.9 110.8 10. 9704 15.0 29.5 1.5409 8.5 14 .6 
v 
1.5315 
. 
.. w 
" 9.7 13. 2 0.9321 13. 9 27.3 1.5388 
~ 
-
-
-
• 
" 9.4 13 .o 0.9472 14.3 27. 9 1.5288 -
-
-
-
; ; ~ Thallium 189.7 6.5 0.0398 182.0 94.5 0.8640 198.4 17.6 0.1180 83.7 7.7 0.1393 
" i 
Tellurium 189.8 1.8 0.0058 261.3 l~,. 9 0.0530 2.8 
'' 
170.7 0.0114 118.9 1.7 0.0113 
, I 
' l Lead 190 .6 6.8 0.0396 180 .1 19.8 0.1397 103 .3 9 .. 6 0.1343 
i 
.:' 
' i Samarium 6.9 7.2 0.7656 7.2 106.1 15.4735 26.4 13.3 0.4228 11.4 6.9 0.5781 f 
. 
. l 
. ' 
" 7.3 7.3 0.7337 7.5 108.1 15.1345 28.2 : I 13.3 0.3959 11.2 6.6 
-0. 5628 . t 
,, 
I 6.5 6~8 0.7676 24.6 11.6 0.3958 
,, 
-
-
-
' 
" ' 6.8 7.2 0.7769 23.1 11.5 0.4178 - - -
- - -
Bismuth 237.3 7.5 0.0304 244.5 87.6 0.4925 289.3 20.7 0.0786 199.6 9.8 0.0614 " 300.4 20.2 r 
-
- - 0.0739 
- -
'1 \ 
,Indium 54.1 4.7 0.0620 110. 7 76.4 0.7053 90.4 15.0 0.1355 44.9 4.7 0.0973 
' '1 Antimony 142.4 11.3 0.0520 106.5 115.1 1.0134 141. 7 24 .. 3 001285 82.8 14.0 0.1442 • 
" 
" 145.1 11.3 0.0510 129.1 22.8 0. 1324 -
-
i 
Silver 4.4 9.6 2.2419 6.4 110.6 25 .4122 ... 6.2 25.0 4.7396 7.4 20.3 3.6694 
~· 
,, 
4.4 10 .1 2.3586 6.4 25.6 4.7017 6.8 18.8 3.6981 
-
. 
-
-
1 
" 4.8 10 .4 2~2263 6.9 26.4 4.4973 - - -
- - -
" I 4.5 10 .3 2.3519 6.9 28.0 4.7698.· - - -
- -
-
\ 
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\ I .-. TABLE III (con.tinued) .~. ~ ;. I l. 
I ,~ ~. Test Data [ 
11 
i 
I 
~ Workpiece 
,\ 
I 
Molrbdenum t 
;f" ', 
Zinc Copper Iron 
,, 
Electrode 6We ~Ww WR 6We· 8Ww WR 8We ~WW WR !>.We 6Ww- WR 
) 
J)ysprosium 14.0 6.3 0.3754 9.3 100.8 12.9403 29.2 12.7 0.4151 13.6 4.6 0.3673 
" 14. 5 6.1 0.3510 9.9 105. 2 12.6867 29.6 12.8 0.4127 13.6 4.8 0.3833 
/j '' ' '' 
" 13.5 5.8 0.3584 
27 .9 12.1 0.4139 
-
-
-
-
-
I 
" 14.2 6.1 0.3584 
27.3 12.3 0.4300 
-
-
-
-
?' 
Tin 58.4 6.2 0.0758 124.2 81.0 0.6662 93.0 18.5 0.1624 83.3 8.6 0.0959 
" 51.3 6.6 0.0918 103.6 80.7 0.7957 91.2 18.4 0.1647 80.5 8.4 0.0970 
" 69.8 6.3 0.0644 
90.8 18.3 0.1646 
-
-
-
-
- II 
I 
" 69.0 6.3 0.0652 
\ 
-
-
-
-
-
-
·- -
-
., 
' 
! 
. 
Aluminum 10.7 8.5 0. 2100 8.2 97.1 4.4805 14.3 20.5 0.4336 12.5- 12.8 0.3524 
• CA) ,, 
10.6 8.5 0.2120 
13. 7 19.7 0.4349 12.4 12 5' 0.3470 
• i Q) 
' 
' . 
d 
i 
• 
,, 
11.7 8.4 0.1898 
13.6 19.8 0.4403 
,I 
i 
-
-
-
-, 
-
-
I 
l, I 
" 11.6 8.4 0.1915 
13.9 20.0 0.4352 
rl I 
-
-
-
I , 
' ' 
. [ 
Ji,' !
•. iJ, ·, 
Copper 3.8 10 .3 2.3714 4.9 108.6 27.7501 4.9 ~,23. 5 4.7999 6.2 17 .5 3.2147 i \ 
., 
" 3.7 10 .1 2.3882 
4.8 24.1 5.0250 5.6 16.8 3.4167 
'( ,\ 
-
-
-
" 3.1 8.8 2.4836 
5.6 26.2 4.6824 6.7 19.8 3.3657 ,, 
-
-
-
" 2.9 7.7 2. 3230 
5.7 26.4 4.6354 6.9 20.4 3.3672 
-
-
-
,, 
3.2 9.2 2.5153 ,_ 
-
-
-
-
-
-
-
-
H 
3.3 9.4 2.4921 
.J 
·:--
-
-
-
-
- -
-
Gold' 17 .1 15.7 1.7332 15~_.2 110.7 19.6754 22.0 29.0 2.8466 27.4 34~7 3.1121 
" 17.3 16.1 1. 7568 
22.5 30.3 2. 9081 25.1 32. 2 3.1525 
-
-
" 18.3 17 .o 1.7537 
24.7 32.4 2.8327 
-· 
-
-
-
-
-
,, 
18.8 17.4 1.7472 
25.3 33.5 2.8594 
i 
-
-
-
-
-
-
I I 
Prae> sodymi um 29.4 6.5 0.1453 55.7 57.2 0.9656 55.0 8.5 0.1162 28.1 5.~ 0.1674 ( 
I 
,, 
31.3 6.3 0.1322 53.1 54.0 0.9563 58.3 8.6 0 .1109 28.6 5.$ 0.1675 
! 
" 
I 
,_ 
19.3 4.3 0.1464 
38.7 5.9 0.1146 \ 
I. 
-
-
- ' •. , 
\ 
- ., 
-
" 21.1 4.5 0 .1401 
38.0 5.9 0.1167 
-
-
-
-
-
-
.,:- I 
'\ ':, 
. ' 
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I I 
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TABLE III (continued) 
.· .... Test Data 
,,_ 
Molybdenum WorkQiece Zinc Copper Iron Electrode 6We ~Ww WR flWe !),WW WR flWe 6Ww WR !),We 6Ww WR 
,. Palladium 19.3 7.3 0.4441 17.5 97.2 9.3334 25.3 21.4 1.1361 21.8 10.9 0.7643 ti 19.2 7.2 0.4403 24.5 20.8 1.1404 23.4 11.6 0.7577 " 21.1 7.5 0.4174 25.2 21.1 1.1247 -
-" 21.4 7.6 0.4170 24.5 20.6 1.1294 -
- - -
Iron 16.1 5.4 0.2580 3.3 106.5 35.5322 17.7 20. 9 1.0392 19.2 7.0 . 0.3651 " 15.2 5.3 0.2683 17.8 21.1 1.0432 18.3 6.8 0.3721 
~ 
" 17.4 5.3 0.2343 18.3 21.1 1.0147 -
- -·Cobalt 15.1 5.8 0.3321 3.4 105.6 38.4315 19.0 20.8 1.0828 19.7 7.3 0.4171 " 15.6 6.0 0.3325 19.2 20. 9 1.0767 20.0 7.3 0.4108 -" . 14.8 5.9 0.3447 18.8 21.2 .1.1153 - - -
- - -" 16.8 6.4 0.3294 
·-· 1 
w 
-
-
-· -
. \, 
(0 Yttrium 1,7 .o 5.3 0 .1371 
-9-.5 96.1 6.3679 22.3 11.0 0. 2482 12.0; 4.7 0.2243 
• 
i : " ' 16.4 5.2 0 .1395 9.7 96.4 6.2561 22.5 11.1 0.2482 12.1· 4.8 0.2271 
' I 
" 16.5 5.0 0 .1333 
- 21.0 10.2 0.2444 
- - -" 15.8 5.3 0. 1476 22.1 10.6 0.2413 
.. 
-
- - -
Nickel 15.9 5.7 0.3119 6 •. 4- 104.4 20 .3127 19.9 21.0 1.0504 19.4 7.0 0.4087 " 17 .o 6.0 0 .3061 19.4 20.6 1.0569 23.3 8.5 0.4132 -" 15.7 5.7 0.3159 19.1 20.5 1.0683 -
- -
-" 16.1 5.8 0.3135 
-
-
- - -· '• 
l 
Lanthanum 51.8 5.9 0.0680 68.2 49.3 0.6177 61.6 8.7 0.0965 33.9 4.8 0 .1101 " 36.1 6.0 0.0992 81.3 58.0 0.6096 74.4 9.0 0.0826 32.0 5.3 0.1287 " 31. 9 4.2 0.0786 43.4 6.3 0.0991 " - - -
- - -
' " 25.2 3~7 0.0877 47.7 5.6 0.0802 
"I 
- -
- - - ' , 
Cerium \ 30.6 4.9 0. 1057 59.5 44.9 0.7127 47.3 8.0 0 .1277 47.2 5.7 0.1038 ' " 29.5 4.8 0.1074 60.9 7.0 0.0868 49.2 5.8 0.1013 
j} I 
- -
-
~ 
' . f't 31.3 5.0 0.1054 57.3 6.8 000896 
! ~ - ": 
-
-
-
- - r 
' ~ ' 
' 
f 
t' 33.4 4.8 0.0948 59.5 6.9 0.0876 
-~ 
- -
- - -
, I I Titanium 3.7 4.5 0.5377 1.6 109. 7 43.3835 9.1 12.0 0.6670 9.2 5-.0 0.3128 " 4.1 4.6 0.4961 9.5 12.1 0.6442 8.4 · 4.4 0.3015 -" 3.8 4.4 0.5120 9.3 12.1 0.6581 - - -
- -
-" 3.8 4.4 0.5120 9.1· 12.2 0.6781 - - -
- - - I. r 
'ft ,•,, 
~ 
' 
' 
I 
. 
, I 
:1. 1 I 
.. 
, ' 
'\, 
' ~ 
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- TABLE III (continued) 
' 
~ --
Test Data 
-
-I 
' ' Woi:kpiece .• ! ~ ; Molybdenum Zinc , Copper 
·Iron Electrode 6We 11Ww WR !).We /1Ww WR !).We 6Ww WR !).We /).WW WR 
,... Vanadium 5.2 5.6 '4.0.6437 1.7 108. 9 54. 7993 12.1 14~8 0.8364 11.6 6.3 o. 42·26 : ' ' ' 
" 5.3 5.7 0.6429 12.8 15.1 0.8067 10.1 5.6 0.4314 
" 4.9 5.5 0.6709 12.6 14.9 0.8086 ' 11 - -
- - -
" 5.1 5.4 0.6329 12.6 15.2 0.8249 
- -Platinum 19.5 9.8 1.0557 13.3 105.8 23.9139 23.5 22.0 2.2496 24 1 12.1 1.3729 ( .. I " 20~2 ..., ,' :11 20 .4 9.4 0.9679 13 .6 104.6 23.1212 24 .1 21.9 2.1836 10.0 1.3537 
i'i 
" 19.6 9.5 1.0181 22.5 20.8 202214 
- - -
" 20 .8 9.7 0.9796 23.3 21.7 202379 " - -
- - -
" Zirconium 3.6 5.7 1.0160 2.3 110.6 44.1610 6.5 18.7 2.1119 7.3 7.2 10. 8239 
" 3.7 5.8 1.0059 6.6 18.8 2.0910 6.6 6.7 0.8480 
-·-1--~ " I 0 3.7 5.8 1.0059 6.6 19.1 2.1244 
- - -
,, 
.. • 3.8 5.6 0.9457 
- - - -
-
-
I 
8.3 Molyb~enum 4.1 6.7 1.6360 2.1 107.5 73.3430 5.3 ·24.0 5.1860 8.4 1.3190 
. I 
,, 
4.2 6.7 1.5971 5.2 23.8 5.2417 9.6 9.4 1.2761 
" 4.0 6.6 1.6519 5.2 23.6 5.1976 - -
- -
" 4.1 I 6. 9 1.6849 • 
- --"'· I Hafnium 3.5 7.4 2.6780 2.-5 117.8 85.4145 4.2 25.3 8.7282 6.9 11.2 2.6764 
ii 
" 3.8 7.5 2.4999 2.6 117.4 81.8504 4.·3 25.5 8.5926 6. er-;~ 9 .• 6 2.6382 " .-
" J 24.2 8.5524 3.8 7.6 2.5333 .4.1 
- -
" 3.9 7.7 2.5008 4.3 25.4. 8.5589 - - -
- - -Columbium 3.2 6.1 1.6039 1.7 106. 7 75.5747 3.7 23.8 6.1910 7.0 7.8 1.2204 
" 3.0 5.9 1.6547 3.5 22.4 6.1598 7.9 8.4 1.1646 -
" 3.2 6.0 1.5776 3.6 22.8 6.0957 i - - -
- - - ,.. . I 
I 
" 3.2 6.0 1.5776 • J :. 
. I ~~1 - - - 3.6 22.5 6.0155 
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I ~ 
.'. 
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" 2.5 6.1 3.9801 ' i 
- - - 3.1 25.5 15.3493 
- - -' -, -
" \ 2.9 7.2 4.0499 3.2 25.1 14.6364 ,;.. - - - -" .. I 3.0 7.0 3. 8061 - '!'9' 
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Electrode 
Rhenium 
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:r 
f .I 
Molybdenum 
fjWe 6Ww WR 
6.7 7.1 2.1784 
6.7 6.9 2.1171 
6.6 7.2 2.2426 
6.7 6.9 2.1171 
4.2 8.9 3.9917 
4.1 8.5 3. 9053 
4.2 8.6 3. 8571 
4o3 8.9 3.8989 
~we --
6Ww --
WR 
-
TABLE III (continued) \ 
Test Data 
Worl~piece 
Zinc CoEper 
6We 6Ww WR fjWe /J.Ww WR 
3.8 105.1 81.3673 7.9 23.5 6.9952 
7.4 22.4 7. 1183 
8.1 23.9 6. 9386 
- -
-3.2 110.8 93. 3426 ' 4.2 25.6 13.1344 
4.3 26.0 13 .0294 
4.4 25.6 12.5373 
change in weight of electrode in milligrams 
change in weight of workpiece • milligrams in 
volumetric wear ratio 
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Figure 10. Volumetric wear ratio versus cohesive energy of electrode 
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